Herpesviruses are dsDNA viruses, but their virions may additionally contain RNAs that can be transduced to recipient cells. The biological functions of herpes virion RNA species are unknown. Here we address this issue for EBV, a widespread human herpesvirus with oncogenic potential. We show that EBV-derived particles that include virions, virus-like particles, and subviral vesicles contain viral mRNAs, microRNAs, and other noncoding RNAs. Viral RNAs were transduced during infection and deployed immediate functions that enhanced EBV's capacity to transform primary B cells. Among these transduced viral RNAs, BZLF1 transcripts transactivated viral promoters triggering the prelatent phase of EBV infection, noncoding EBV-encoded RNA transcripts induced cellular cytokine synthesis, and BNLF2a mRNA led to immune evasion that prevented T-cell responses to newly infected B cells. Hence, transduced viral RNAs govern critical processes immediately after infection of B cells with EBV and likely play important roles in herpesviral infection in general.
H erpesviruses are large enveloped viruses with a dsDNA genome. However, viral particles of several Herpesviridae members additionally contain RNA molecules, as shown for CMV, HSV1, human Kaposi sarcoma virus, and murine gammaherpesvirus 68 (1) (2) (3) (4) (5) . Thus, it seems likely that other herpesviruses also carry RNA in their virions. How the RNA molecules are packaged into the virion is unclear, but it appears that viral RNAs are more abundant in virions than cellular RNAs, suggesting a specific sorting mechanism (3) (4) (5) . In infected cells, virion mRNAs can be translated immediately and in the absence of de novo transcription. So far, no functions have been assigned to transduced virion RNAs (tvRNAs) although they were discovered more than 10 y ago.
EBV is a ubiquitous human herpesvirus that is causally associated with different types of malignant diseases (6) . The virus shows a tropism for human B lymphocytes, in which it establishes latent infection. Upon receiving exogenous signals, transmitted by the B-cell receptor for example, cellular signaling pathways can activate the viral gene BZLF1, which encodes the molecular switch that induces the lytic phase (7) . A cascade of viral lytic gene expression is initiated, comprising immediate-early, early, and late viral genes, resulting in the release of newly formed virions eventually. It has recently been described that, in newly infected cells, before establishment of latency, EBV expresses a small set of viral genes that had previously been classified as immediate-early or early genes of the lytic cycle. At this prelatent stage of infection, the immediate expression of these genes activates resting B cells (8) while protecting them from immediate activation-induced apoptosis (9) and other endogenous stress response signals (10) . The prelatent phase is followed by a stable latent phase, characterized by the expression of viral latent genes that support cellular proliferation and sustain the outgrowth of lymphoblastoid cells lines in vitro (11) . The catalog of viral genes expressed during this prelatent phase of EBV's life cycle is not complete, but includes classical latent genes (12) as well as certain lytic genes that, for example, comprise viral homologues of antiapoptotic Bcl-2 family members (9), a viral IL-10 homologue (13, 14) , and also BZLF1 (8, 15).
The rapid, prelatent expression of a number of viral proteins in newly infected cells might increase their antigenic load and thereby the chance of immune recognition, such as elimination by virusspecific T cells. In vivo, virus-specific CD4 + and CD8 + T cells directed against epitopes of various viral proteins control EBV infection (16) . In the lytic phase of infection, a number of viral factors help the virus evade the immune response. Different EBV immunoevasins interfere with different steps of the MHC class I antigen presentation pathway (17) , mimic immunosuppressive cytokines such as IL-10 (18), or down-regulate Toll-like receptors (TLRs) to avoid production of proinflammatory cytokines (19, 20) .
Most enveloped viruses, including EBV, exploit the exosome biogenesis pathway for their egress (21, 22) . Latently EBV-infected cells also constitutively release exosomes-like particles or microvesicles carrying viral proteins or microRNA (miRNA) (23) (24) (25) . We therefore hypothesized that productively EBVinfected cells release viral and subviral particles that contain viral RNAs transducing them during the process of infection. tvRNAs may improve the efficiency of infection and establishment of EBV latency. Moreover, tvRNA-encoded immunoevasins could disrupt recognition by immune cells. To test our hypothesis, we investigated the RNA content of EBV particles and potential RNAmediated functions in newly infected B cells. We show here that EBV particles and nonviral vesicles contain viral RNAs of different classes, delivering them to target cells upon infection. tvRNA molecules were functional and became translated in newly infected cells, accounting for early viral effects and enhancing the ability to establish persistent infections. In addition, tvRNAs encoding viral immunoevasins dampened the recognition of newly EBV-infected B cells by EBV-specific CD8 + T cells. Our data suggest that tvRNAs are an integral, multifunctional part of the rich biology of EBV and probably other herpesviruses as well.
Results
Viral RNAs Are Present as Early as 2 h After B-Cell Infection. Previous studies have already described transcripts of EBV in primary B cells shortly after infection, but the origin of these RNAs was not further analyzed (8, 26) . We set out to determine the time when viral transcripts appear after infection. We isolated primary B cells, infected them with EBV, and prepared total RNA at different time points starting at 2 h post infection (hpi). The samples were analyzed for the presence of selected viral transcripts. In detail, quantitative PCR (qPCR) was performed with primers that detect the cDNAs of the immediate-early and early genes BZLF1, BRLF1, and BMRF1; the immunoevasins BNLF2a, BCRF1 (vIL-10), and BGLF5; the antiapoptotic genes BHRF1 and BALF1; and the latent genes BNLF1, TP1/2, and BYRF1 encoding LMP1, LMP2A/B, and EBNA2, respectively. We also analyzed the prevalence of the noncoding EBV-encoded RNAs (EBER) 1 and 2. All transcripts were reproducibly detected in infected primary B cells with the exception of BALF1 (Fig. 1A) . BMRF1 and EBER1 were the most abundant of all assessed transcripts at 2 hpi. Most transcripts increased rapidly within 2 to 4 hpi (Fig. 1B) such as those of the latent gene BYRF1 encoding EBNA2, an essential factor for B-cell transformation (27) , that showed the strongest induction. In contrast, the transcripts of BNLF2a, BNLF1, LMP2A/B, and EBER1 had rather stable transcript levels up to 6 hpi, which increased subsequently (Fig.  1B, Lower) .
Although qPCR cannot discriminate between de novo transcription and potential transfer of RNAs by viral particles to B cells, these kinetic patterns suggested a biphasic process in which RNAs transferred by virions became detectable very rapidly after infection, followed by a second phase that was characterized by de novo transcription and gene expression.
EBV Particles Contain Viral RNAs. To assess whether EBV particles contain viral RNA molecules, we purified virions from supernatants of the B95.8 cell line, which spontaneously releases infectious EBV (28) . The EBV transcript BNLF2a was readily detectable in particle preparations after reverse transcription and qPCR amplification ( Fig. 2A) . BNLF2a transcripts were still present after treatment of intact particles with DNase and RNase, and after treatment of lysed particles with DNase, confirming that EBV particles contain viral RNA molecules.
In the next step, we analyzed the virion RNA preparation for those transcripts we had studied in newly infected B cells (Fig. 1) . Again, all transcripts were readily detectable. Transcripts of LMP1, EBER1, and BNLF2a were the most abundant RNAs (Fig.  2B, Left) . EBV strain B95.8 codes for eight known pre-miRNAs giving rise to 13 mature viral miRNAs that are present in B cells early after EBV infection (29) . We therefore asked whether B95.8 particles also contain viral miRNAs. To this end, we isolated small RNA species from virions and analyzed them by stem-loop PCR. As shown in Fig. 2B (Right), mature miRNAs were present in EBV particles at abundant levels.
We could also detect RNA species in virus-like particles (VLPs) released by the EBV packaging cell line TR − 2/293 ( Fig.  S1 ) (30 EBV-infected cells release not only infectious virus particles but also exosomes that are less well characterized but also known to contain RNAs (24, 33) . Infectious viral particles, VLPs, and exosomes have similar biophysical properties and therefore are difficult to separate properly. In case of EBV, the envelopes of virions and VLPs contain the viral glycoprotein 350 (gp350) that mediates binding of the virus to CD21 on B cells (21, 34 and refs. therein) . We made use of this property. From 2089 EBV stocks (35), we selectively enriched virions and VLPs by immunoprecipitation with the gp350-specific antibody 72A1. The results of this experiment revealed that viral BMRF1 transcripts are contained within the gp350-enriched fraction (Fig. 2D) together with viral DNA (Fig. 2C) , suggesting that virions, VLPs, and presumably gp350-positive exosomes that may also be present in virus stocks do indeed contain viral transcripts.
Collectively, our experiments showed that EBV particles and TR Initially, we established the required concentrations of the inhibitors actinomycin D (ActD) and cycloheximide (CHX) to fully block transcription and translation, respectively. In uninfected Daudi cells, ActD completely blocked de novo transcription at a concentration of 5 μg/mL, leading to a rapid decrease of c-myc mRNA levels (Fig. 3A) and consequently reduced c-Myc protein levels in a delayed manner (Fig. 3B ). CHX at 25 μg/mL led to a reduction of c-Myc protein levels in accordance with its Relative transcription levels were calculated and normalized to the value obtained 2 hpi. Student t test was performed to analyze the significances of differences (***P < 0.001,**P < 0.01, and *P < 0.05; n.s., not significant).
reported half-life of 15 min (37), indicating a complete block of translation ( Fig. 3B ).
Having established these conditions, we infected Daudi cells with B95.8 virus stocks in the presence or absence of ActD or CHX. After 15 min of pretreatment with inhibitors, cells were incubated with virus for 2 h in the continued presence of inhibitors. Thereafter, we immunoprecipitated BRLF1 protein from cell lysates and performed Western blot analyses. Similar amounts of BRLF1 protein were detected in lysates of untreated and ActDtreated Daudi cells (Fig. 3C) . Treatment with CHX completely eliminated the BRLF1 signal, indicating that it originated from tvRNAs translated in the infected Daudi cells. The viral gp350, a structural component of EBV virions, served as a control for infection of Daudi cells (Fig. 3C) .
We wished to functionally assess de novo translation of tvRNAs in an additional experimental model. Cells that synthesize proteins can present peptide epitopes derived from these proteins to CD8 + T cells. Antigen-specific CD8 + T-cell clones sensitively detect these peptides in conjunction with HLA class I molecules on the surface of protein-synthesizing cells. The prepared RNAs were reverse-transcribed by specific priming for the BMRF1 transcript followed by qPCR with BMRF1-specific primer pairs. Samples that were subjected to qPCR without prior reverse transcription are indicated (noRT). Reverse transcription of a sample without RNA template (noRNA) was performed to control for primer artifacts during PCR. n.d., not detected.
We used CD8 + T-cell clones specific for the RAKFKQLL (RAK) peptide epitope of the BZLF1 protein, the GLCTLVAML (GLC) epitope of the BMLF1 protein, and the YVLDHLIVV (YVL) epitope of the BRLF1 protein (38) . These EBV specific CD8 + T-cell clones were coincubated with primary, HLAmatched B cells that had been infected with purified TR -2/293 VLPs in the presence or absence of CHX. After 20 h of coincubation, we quantified the levels of IFN-γ in the supernatant of the cultures as an indicator of T-cell activation. All EBV-specific CD8 + T-cell clones recognized VLP-infected B cells on day 1 post infection (pi), documenting early antigen expression and epitope presentation. Treatment with CHX during infection completely abolished recognition (Fig. 3D) . Thus, the three EBV proteins BRLF1, BZLF1, and BMLF1 are translated in newly infected cells from tvRNAs delivered by VLPs. (39) is a quantitative measure of the potency of EBV to establish latent infection (9) . We used limiting dilution assays to elucidate if virion RNAs supported latent infections of B cells with B95.8 EBV. We quantitatively compared the transformation capacity of B95.8 alone or in combination with VLPs derived from TR -2/293 cells as a source of tvRNAs. However, there was the possibility that, independent of tvRNAs, VLPs would contribute to B-cell activation and transformation by binding to the cell surface triggering the cellular receptor CD21 (40) . To control for such effects, we used exosomes, i.e., subcellular vesicles that are spontaneously released by many cells. To produce exosomes with B-cell tropism that could be phenotypically traced, we transiently cotransfected HEK293 cells with two expression plasmids encoding gfp and the viral glycoprotein gp350 (41) and harvested and purified the exosomes from the cell supernatants.
First, we assessed and indirectly compared the concentration of gp350 + /GFP + exosomes and VLP preparations by flow cytometry (Fig. 4A) . A pilot experiment shown in Fig. S2 (Fig. 4B and Fig. S3 ). The contribution of VLPs was especially pronounced when infectious EBV was limiting. This outcome suggested that tvRNAs directly improve EBV's capacity to transform primary B cells and establish latent infections.
Transduced Viral mRNAs Control a BZLF1-Responsive Gene Immediately After Infection. Genetic data suggested that the early expression of BZLF1 has a critical role in driving the proliferation of resting B cells (8) . However, tvRNAs were previously not considered as a source of BZLF1 protein immediately after infection and before de novo transcription. The transfer and concomitant translation of BZLF1 tvRNAs could also explain the immediate expression of lytic genes in newly infected B cells.
We wanted to investigate if VLP-derived BZLF1 transcripts regulate downstream genes and chose the BMRF1 gene as a representative example. This gene is prominently up-regulated early after infection (8) presumably because its promoter contains several BZLF1-responsive elements (43) . EBV-negative Daudi cells with a BMRF1 promoter-driven luciferase gene served as reporter for the early expression of BZLF1. We prepared VLPs by transient transfection of TR -2/293 cells with an expression plasmid encoding WT BZLF1 or a fusion of the coding domains of BZLF1 and the hormone-binding domain of the modified estrogen receptor (BZLF1-ER). The function of the BZLF1-ER fusion protein depends on the addition of tamoxifen (44) . We purified and concentrated VLPs and infected the Daudi reporter cells in the presence or absence of tamoxifen for 24 h (Fig. 5A ). VLPs generated with WT BZLF1 clearly induced the activity of the BMRF1 promoter, but VLPs that were generated with BZLF1-ER and presumably transduced high levels of BZLF1-ER mRNA activated the BMRF1 promoter in the presence of tamoxifen only. The VLP preparations were free of BZLF1 protein as determined by dot blot analysis (Fig. 5B) .
We concluded from this experiment that VLP-transduced BZLF1 mRNAs (and, by implication, those contained in viral particles) suffice to transactivate the BMRF1 early lytic promoter. Our results in Fig. 3C show that another viral transcription factor, BRLF1, is also translated from tvRNAs, suggesting that several tvRNA-encoded viral transactivators likely trigger down- + exosomes were added to selected samples. After 6 wk of culture, numbers of wells with proliferating cells were determined by a viability assay. Significances of differences (P values) were calculated by Fisher exact test. n.s., not significant (P > 0.05). A single representative experiment is shown. Three independent experiments were performed with adenoid B cells from three different donors, which all showed the supportive effect of VLPs but not of gfp350 + / GFP + exosomes in a statistically significant manner in this experimental setting (Fig. S3) . stream EBV gene transcription, inducing the prelatent phase in newly EBV-infected B cells.
Packaged EBERs Induce IFN-α Production in Newly Infected Cells.
EBER1 and -2 are abundantly expressed in all cells latently infected with EBV (11) . EBER RNA molecules fold into secondary structures with prominent stretches of dsRNA. Hence, EBERs are recognized as pathogen-associated molecular pattern by RIG-I in the cytoplasm (45) or TLR3 in endosomes (46) and activate downstream signaling pathways (47), leading to production of IFN-α (48). EBER1 and -2 are abundant in EBV virions (Fig. 2) , suggesting that virion-carried EBERs might trigger their cellular receptors upon infection.
To address the effects of EBERs in B cells, we generated two EBV mutants in which both EBER genes were deleted. The EBV mutant ΔEBER is based on the recombinant wildtype 2089 EBV (35) , the mutant ΔEBER TR -2/293 on the TR -2/ 293 EBV genome (30) . Both mutant EBV genomes were cloned, stably introduced into HEK293 cells, and their genotypes were confirmed by Southern blot hybridizations (Fig. 6A) . ΔEBER-carrying cells were used to generate virions with the mutant EBV genome, and ΔEBER TR -2/293-carrying cells produced VLPs devoid of EBV genomes. Both species, ΔEBER virions and ΔEBER TR -2/293 VLPs, contained viral RNAs except EBER1 and -2.
We isolated primary B cells from adenoids and infected them with 2089 EBV or ΔEBER mutant EBV. Before infection, fractions of the virion preparations were treated with RNase to eliminate free EBER RNAs (46) . Similarly, VLPs were prepared and purified from induced TR Three days after infection, we measured the IFN-α production of the infected cells. B cells infected with 2089 EBV released high concentrations of IFN-α, in contrast to cells infected with ΔEBER mutant EBV (Fig. 6C) . Similarly, cells incubated with TR -2/293 derived VLPs produced high concentrations of IFN-α in contrast to cells incubated with ΔEBER TR -2/293 VLPs (Fig.  6C) . Pretreatment of the supernatants with RNase slightly reduced IFN-α production, indicating the presence of free EBER molecules in the virus stocks and VLP preparations that had a minor effect on IFN-α release (Fig. 6C) . Together, the results showed that the transfer of virion-contained EBER RNAs induced the production of IFN-α in newly infected B cells in the absence of de novo transcription of viral genes.
Packaged BNLF2a Transcripts Inhibit Recognition of Infected Cells by CD8
+ T Cells. BNLF2a is an immunoevasin of EBV that inhibits loading of antigenic epitopes on HLA class I molecules (49) . Thus, early expression of BNLF2a could dampen T-cell recognition of newly EBV-infected B cells. We detected BNLF2a mRNA in particle preparations and B cells immediately after infection (Fig. 1) , supporting this hypothesis.
We generated a BNLF2a-negative EBV mutant and assessed the recognition of mutant and 2089 EBV-infected B cells by three different EBV epitope-specific CD8 + T-cell clones. B cells infected with the ΔBNLF2a mutant virus activated BZLF1-specific RAK CD8 + T cells significantly better than cells infected with 2089 EBV (Fig. 7, Left) . Importantly, the improved recognition of the ΔBNLF2a mutant was maintained in the presence of ActD preventing de novo transcription but not translation of tvRNAs. Thus, transduced BNLF2a mRNA contributed to immunoevasion in WT EBV-infected cells. As expected, recognition was completely abrogated after CHX treatment. Thus, virion-mediated transfer of BNLF2a RNA interfered with the activation of RAK-specific CD8 + T cells, whereas a putative transfer of BNLF2a protein did not occur or was not sufficient for this effect.
We obtained comparable results with the BMLF1-specific CD8 + T-cell clone GLC (Fig. 7, Middle) . The BRLF1-specific CD8 + T-cell clone YVL is an interesting exception because this peptide is loaded onto HLA class I molecules independent of TAP (50). Accordingly, no difference was observed between 2089 EBV-and ΔBNLF2a EBV-infected B cells (Fig. 7, Right) .
Our experiments demonstrate the immunological functions of tvRNAs: translation of virion-delivered BNLF2a mRNA contributes to immune evasion of newly infected B cells by interfering with the activation of antigen-specific CD8 + T cells. Discussion EBV establishes latent infection in its preferred target cells, human B lymphocytes, characterized by the expression of few viral genes only. Recent findings revealed that a stable latent infection is preceded by a prelatent phase, during which the virus expresses a subset of immediate-early and early genes together with latent genes (8, 9, 15, 51) . The relevance of this transient prelatent phase is not completely understood, but findings indicate that it efficiently supports latent infection of quiescent B cells (8, 9) . Our data suggest that the prelatent phase is initiated by tvRNAs, which control critical processes upon infection before and independent of de novo transcription. We show that packaged viral mRNAs are instantaneously translated, and their products, as well as noncoding tvRNAs, induce viral and cellular genes and modify pathways related to innate and adaptive immune responses. Thus, tvRNAs can have an unexpectedly rich spectrum of different functions. Our study provides a basis for more extended explorations of this promising field. For instance, it seems plausible that translation of delivered BZLF1 transcripts activates resting cells and induces their cell-cycle entry (8, 52) , translated BHRF1 and BALF1 transcripts might protect the infected cells from activation-induced cell death (9) , and noncoding packaged RNAs like miRNAs might control detrimental antiviral responses of the infected cell. tvRNAs, which encode viral IL-10, could also shape the cellular microenvironment (53) and thereby protect the EBV-infected cell from antiviral responses of the innate and adaptive immune system. The coordinated action of tvRNAencoded immunoevasins (viral IL-10, BGLF5, BNLF2a) could protect the newly infected cell from antigen-specific T-cell responses that might otherwise eliminate the newly infected cell before latency can be established. Hence, tvRNAs likely constitute a precisely timed stealth strategy to secure the initial success of EBV infection by blunting immunogenicity.
Several herpesviruses have been reported to deliver virion RNAs to infected cells (1, 2, 4, 5) , but how the virion RNAs reach the cytosol and become translated (in the case of mRNAs), whether they interfere with translation and abrogate mRNA functions (in the case of miRNAs), or whether they activate cellular pattern recognition signaling (in the case of noncoding RNAs) awaits further investigations. Surprisingly little is known about the cellular entry of EBV. Adsorption of virions mediated by viral envelope glycoproteins and the cellular surface receptor CD21 (54) triggers viral endocytosis into clathrin-coated pits, where membrane fusion occurs at low pH (34, 55) . Alternatively, viral envelopes could directly fuse with the plasma membrane in a pH-independent manner (56) . Ultimately, the entry process delivers the uncoated virion, i.e., the capsid with its tegument, into the cytosol of the infected cell. The mode of entry protects virion RNAs, as the viral particles stay intact when they pass or bypass the endosomal-lysosomal pathway.
Entry of EBV does not go unnoticed by immune and pattern recognition receptors (PRR). Our experiments suggested that the noncoding EBERs constitute a considerable fraction of virion RNAs of EBV (Fig. 2) , which contribute to the induction of the antiviral innate type I IFN, IFN-α (Fig. 6) . Release of IFN-α triggered by EBERs has been described previously but in the context of free or protein-complexed RNA molecules, which, perhaps by endocytic uptake, activate TLR3 in EBV-transformed B cells and peripheral mononuclear cells (46) . However, TLR3 appears not to be expressed in resting human B cells (57) . As EBV's mode of entry into B cells likely excludes the activation of endosomal PRRs, virion-transduced EBERs are presumably recognized by the cytoplasmic PRR RIG-I upon their delivery to the cytosol (45) . Type I interferons are classically considered to be antiviral cytokines and modulate a range of immune responses, but, counterintuitively, they have been regarded important for a sustained coexistence of certain persistent viruses and their hosts (58) . Along this line, EBERs curtail autocrine IFN-α signaling in EBV-infected cells. IFN-α induces the autophosphorylation of RNA-dependent protein kinase, which, in turn, phosphorylates the eukaryotic initiation factor 2α abrogating protein synthesis. By binding to RNA-dependent protein kinase and preventing its autophosphorylation, EBERs act as inhibitors of intracellular IFN-α signaling (59) . EBERs are universally expressed in EBV's different programs of cellular infection, suggesting a central function in the viral life cycle. It is therefore conceivable that EBV uses EBERs as a means to trigger selected PRR pathways to favor B-cell activation, proliferation, and viral latency (60, 61) .
Latently EBV-infected cells spontaneously release exosomes that are gp350-positive and contain viral proteins or miRNAs (23) (24) (25) . Like many enveloped viruses (22) , EBV uses the exosome biogenesis pathway for egress during de novo virus synthesis, and virions, VLPs, and exosomes all contain characteristic polyproteins of this pathway (21) . We thus propose that productively EBV-infected cells not only release complete virions but also a heterogeneous mixture of subviral particles including VLPs, exosomes, or other microvesicles that may also contain viral RNAs. The exact composition of particles released from productively EBV-infected cells (or cells that had been engineered to release VLPs) is currently unclear because virions, subviral particles, and nonviral exosomes have similar biophysical properties and many biochemical components in common. We postulate that these cells release virions, heterogeneous subviral particles like VLPs and gp350 + exosomes that all share the intrinsic potential to transduce viral RNAs to EBV's target cells and together enhance the viral success of infection.
Taken together, our data provide strong arguments that packaged virion RNAs are of importance during the prelatent phase of EBV infection. We show that this virus selectively transduces viral RNAs to prime the cell for persistent infection and to prevent its + T-cell clones specific for the RAK, GLC, or YVL epitopes for 20 h. IFN-γ levels in the supernatant were determined by ELISA. Error bars indicate the SD of three replicates. Significance was analyzed by Student t test (*P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001; n.s., not significant).
elimination by the host's immune system. Bridging the time gap from virus entry to de novo transcription of the viral DNA genome tvRNAs are a critical part of the biology of EBV and, presumably, of other herpesviruses as well. The exact in vivo role of tvRNAs remains to be elucidated.
Materials and Methods
Cell Culture. All cells were maintained in RPMI medium with 10% FBS (PAA Laboratories) at 37°C in a 5% (vol/vol) CO 2 incubator.
Preparation of Virus, VLP, and Exosome Stocks. The cell line B95.8 (28) was used to generate WT virus stocks. Recombinant 2089 EBV and TR -2/293 VLPs were produced as described (30, 35) by transient transfection of expression plasmids encoding BZLF1 (62) and BALF4 (63) . Supernatants were harvested 3 d after transfection, cleared of cellular debris, and passed through a 0.8-μm nylon filter. Titers were calculated as "green Raji units" as described previously (9) . Exosomes were harvested from supernatants of HEK293 cells transiently transfected with expression plasmids for gp350 and GFP on day 3 after transfection and treated like the recombinant virus stocks as described earlier. To determine particle concentrations in preparations of VLPs and gp350 + /GFP + exosomes, Raji cells were incubated with supernatants and analyzed by flow cytometry for GFP fluorescence after 1 d. When required, supernatants were concentrated by centrifugation at 100,000 × g for 2 h and resuspended in PBS solution.
Construction of Recombinant EBV. The construction and genetic confirmation of EBER-1-and EBER-2-deficient EBV (ΔEBER) and VLPs (TR -2/293 ΔEBER) and of the BNLF2a-deficient EBV (ΔBNLF2a) is described in detail in SI Materials and Methods.
Isolation and Infection of Human Primary B Cells. Surgically removed adenoids from anonymous donors were obtained from the department of otorhinolaryngology. The use of this material was approved by the local ethics committee. Single cell suspensions were prepared by dissecting the tissues and passing them through nylon mesh. T cells were rosetted with sheep erythrocytes (Life Technologies) and Ficoll gradient centrifugation enriched for mononuclear cells containing more than 95% B cells. B cells from peripheral blood were purified by using the MACS B-cell isolation kit II (Miltenyi Biotec). Infections were carried out overnight at 37°C. For inhibition of transcription and translation, cells were treated with indicated concentrations of ActD (Merck) and CHX (Sigma), respectively, 15 min before infection, and treatment was maintained during infection.
Preparation of RNA, Reverse Transcription, and qPCR. Total RNA and microRNA were extracted by standard procedures using the RNeasy Kit (Qiagen) and the mirVana Kit (Ambion), respectively. Details on RNA isolation from EBV particles and qPCR and primers are described in SI Materials and Methods (Tables S1 and S2 ).
Immunoprecipitation and Immunodetection. Whole cell lysates from 2 × 10 8 Daudi cells were prepared in RIPA buffer with 0.2% SDS, protease inhibitors (Complete Mini; Roche), and DNase I. BRLF1 protein was immunoprecipitated with 15 μL Sepharose G beads (GE Healthcare) coupled to the BRLF1-specific antibody 5A9. Beads were washed in RIPA buffer, and bound protein was eluted in Laemmli buffer. Proteins were separated by SDS/PAGE and blotted to nitrocellulose (Millipore). One percent of the input lysate was used for control blots. Immunodetection was performed with antibodies against actin (I-19; Santa Cruz Biotechnology), BRLF1 (5A9), c-Myc (9E10), and gp350 (72A1). gp350 + particles were immunoprecipitated by incubating 2089 EBV stocks with biotinylated gp350-antibody 72A1 and bound to streptavidin-coupled Dynabeads (Invitrogen). Biotinylated isotype antibody (6A1) served as negative control. Beads were magnetically immobilized, extensively washed with PBS solution, and finally resuspended in TRIzol (Invitrogen). RNA and DNA were extracted according to the manufacturer's recommendations.
T-Cell Recognition Assays. EBV-specific CD8 + T-cell clones recognizing the epitopes HLA-B*0801/RAKFKQLL (RAK) from BZLF1 (64), HLA-A*0201/ GLCTLVAML (GLC) from BMLF1 (38) , and HLA-A*0201/YVLDHLIVV (YVL) from BRLF1 (65) were generated from peripheral blood of healthy, HLAtyped EBV carriers. PBMCs were stimulated overnight with antigenic peptides, and specifically reactive T cells were isolated on the following day by IFN-γ capture and immunomagnetic separation (Miltenyi Biotech) (66) . Specific CD8 + T-cell clones were obtained from this enriched cell population by limiting dilution (67) . For T-cell recognition assays, 1 × 10 4 clonal T cells were coincubated with 2 × 10 4 HLA-matched EBV-infected B cells in a total volume of 200 μL at 37°C in V-shaped 96-well plates overnight. The assay was carried out in triplicates and supernatants of each well were analyzed for IFN-γ content by ELISA (Mabtech). Noninfected B cells and established HLA-matched lymphoblastoid cells lines were included as negative and positive control, respectively.
Limiting Dilution Assays. B cells from adenoids were infected with serial dilutions of B95.8 supernatant and plated at a density of 10 5 cells per well in 24 replicates in 96-well microtiter plates. After incubation for 6 wk and weekly change of medium, wells with proliferating cells were quantified by a viability assay using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (68) . When indicated, selected samples were additionally treated with VLPs or equal amounts of gp350 + /GFP + exosomes that had been adjusted on Raji cells for equal GFP fluorescence and gp350 surface levels ( 
